An in vitro system was developed that results in the self-assembly of subunit precursors into complexes that resemble those found naturally in the endoplasmic reticulum. Subunits of glycinin, the predominant seed protein of soybeans, were synthesized from modified cDNAs using a combination of the SP6 transcription and the rabbit reticulocyte translation systems. Subunits produced from plasmid constructions that encoded either Gy4 or Gy5 gene products, but modified such that their signal sequences were absent, self-assembled into trimers equivalent in size to those precursors found in the endoplasmic reticulum. In contrast, proteins synthesized in vitro from Gy4 constructs failed to self-assemble when the signal sequence was left intact (e.g., preproglycinin) or when the coding sequence was modified to remove 27 amino acids from an internal hydrophobic region, which is highly conserved among the glycinin subunits. Various hybrid subunits were also produced by trading portions of Gy4 and Gy5 cDNAs and all self-assembled in our system. The in vitro assembly system provides an opportunity to study the self-assembly of precursors and to probe for regions important for assembly. It will also be helpful in attempts to engineer beneficial nutritional changes into this important food protein.
Glycinin, the major seed storage protein in soybeans, is encoded by a small family of genes (Gyl-GyS) (1) and is closely related to other 11S storage proteins found in legumes (2) . The initial products from these genes have a signal peptide that is removed cotranslationally in the endoplasmic reticulum (3) . The resulting proglycinin subunits assemble into 9S complexes, which are thought to be trimers (4, 5) . These complexes move from the endoplasmic reticulum, through the Golgi apparatus, and into protein bodies where a specific posttranslational cleavage occurs (6) . The cleavage results in subunits that consist of an acidic and a basic polypeptide joined by a single disulfide bond (7) . Mature glycinin is isolated from seeds as a stable hexamer, which sediments at about 12S (8) .
In addition to being an interesting biological system to study, these proteins are of considerable economic importance. Glycinin accounts for over half of the protein in seeds of most cultivated soybean varieties (9) . Because of this high concentration, the glycinins are a major contributor to the nutritional properties of soy proteins, and they affect the functional properties of food products made from the beans. Therefore, glycinin has been targeted for genetic manipulation to improve soybean quality (10, 11) .
In this report, we describe a system by which the selfassembly of glycinin precursors can be studied in vitro. The system described here will be useful both in the study of assembly of the storage proteins and in our efforts to engineer these important proteins.
MATERIALS AND METHODS
Plasmids. Plasmids pG248 and pG466 served as the source for the coding regions of Gy4 and Gy5 used in these studies. The isolation of pG248, a full-length Gy4 cDNA, was described in a previous report (1) . A near full-length Gy5 cDNA, pG466, was isolated simultaneously. The homology between these cDNAs is 90% (12, 13) and many restriction sites are conserved ( Fig. 1 ). The vector pSP65 (14) was purchased from Promega Biotec (Madison, WI), and the bacterial expression vector pAS1 (15) was the gift of Martin Rosenberg at Smith Kline & French.
In Vitro Transcription. Plasmids were linearized with Pvu II or Pst I and used as template for run-off transcription with SP6 RNA polymerase. Transcription reactions were carried out according to Melton et al. (14) , except that the DNA concentration was raised to 0.2 g/,lA, GTP was reduced to 20 AtM, and 7mGpppG (Pharmacia) was included at 500 ,tMM.
After 90 min at 40'C, the GTP concentration was raised to 500 ,iM and the incubation was continued for 30 min at 40'C. The RNA was precipitated by the sequential addition of NaOAc (pH 5.2) to 300 mM and 2.5 vol of absolute ethanol.
In Vitro Translation and Assembly. In vitro translations with rabbit reticulocyte lysates and [3H]leucine were performed according to the manufacturer's (Promega Biotec) specifications. After translation, EDTA was added to 2 mM and phenylmethylsulfonyl fluoride was added to 250 puM. The mixtures were then incubated for specified times and temperatures and placed on ice. Sucrose Gradient Fractionation. Assembly was assayed by layering 100-tLA samples onto 11-ml linear 7-25% sucrose density gradients that contained 35 mM phosphate, 0.4 M NaCl, 0.01 M 2-mercaptoethanol (pH 7.6). The gradients were centrifuged for 24 hr at 35,000 rpm and 40C in a Beckman SW41 rotor. Fractions of 0.35 ml were collected from the bottom and assayed for radioactivity after trichloroacetic acid precipitation. Soy protein standards were prepared as described (9) , run in parallel gradients, and assayed by the protein-dye binding method of Bradford (16) .
DNA Sequence Analysis. Nucleotide sequence analysis was carried out by the chemical method of Maxam and Gilbert (17) or the dideoxy method of McGraw (18) . Synthetic oligonucleotides 5'-CCCTCTCACCCTCCTC and 5'-CAGCGTTATCAGCCCC were used as primers for sequencing across the Gy4 and GyS hypervariable regions. NaDodSO4/PAGE and Immunoprecipitation. In vitro translation products were analyzed by NaDodSO4/PAGE in 7-13% gradient gels as described elsewhere (19) , Immunoprecipitations were performed according to Tumer et al. (20) . tPresent address: Department of Entomology, Purdue University, West Lafayette, IN 47907. §To whom requests for reprints should be addressed. 5525 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked 'advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Cross-Linking. Cross-linking was carried out by a modification of the method described by Siezen et al. (21) . Fractions from sucrose gradients that contained 9S complexes were pooled, and then samples (80 ,1) were mixed rapidly with aliquots of a solution of dithiobis(succinimidylpropionate) (7 mg/ml) in acetonitrile to give a final concentration of between 0.008% and 0.032% (wt/vol) cross-linker. After 30 min at room temperature, each sample was mixed with 20,u1 of 6 M urea/0.15 M sodium phosphate buffer, pH 7/10% NaDodSO4/0.02% bromophenol blue, and heated to 100'C to prevent further cross-linking. Aliquots (20 ptl) from each sample were dialyzed against 0.025 M neutral sodium phosphate buffer (electrode buffer) that contained 10% (vol/vol) glycerol and 0.02% bromophenol blue and were examined by electrophoresis in a 2-10% acrylamide gradient gel. The gels were then stained with Coomassie blue, treated with EN3HANCE (New England Nuclear), and visualized by fluorography. The gels were calibrated with low molecular weight protein standards, as well as radioactive cross-linked glycinin and bovine serum albumin standards. The standards were prepared with iodo[14C]acetamide as described by Crestfield et al. (22) .
RESULTS
Construction of pSP65/248. Plasmid pSP65/248 served as a starting point for the constructions used in this study. It originated from a fusion between pSP65 and pG248 according to the scheme outlined in Fig. 2 . As the objective was to produce proglycinin, it was necessary to remove the DNA sequence that encoded the signal peptide. This was accomplished by using BAL-31 nuclease to place a Xba I site at the codon for serine in position 2 of Gy4 proglycinin (pG248Bal).
The Xba I site was then used to fuse the serine-2 codon in frame with an initiator methionine codon that was provided by the bacterial expression vector pAS1. The result was plasmid pAS1/248, which encoded authentic proglycinin except for a methionine for isoleucine substitution at the NH2 terminus. The insert from pAS1/248 was introduced into the in vitro transcription plasmid pSP65 such that Kozak's rules (23) for efficient initiation of translation would be followed (Fig. 2) . The nucleotide sequences across all junctions in this and the other constructions were determined to ensure that unexpected deletions or insertions had not occurred inadvertently.
In Vitro Synthesis of Gy4 Proglycinin. Synthetic mRNA produced from the plasmid pSP65/248 was translated in the presence of [3H]leucine with a rabbit reticulocyte system. Labeled protein of the expected size for Gy4 proglycinin was produced and could be immunoprecipitated with antibodies for glycinin ( Fig. 3 ).
Self-A~sembly of Gy4 Proglycinin. The quantities of Gy4 proglycinin produced in the translation reactions ( Proc. Natl. Acad. Sci. USA 84 (1987) I density-gradient centrifugation to assay for assembly. Fig. 4 shows the results of one such time course study in which the disappearance of the 3S monomer peak was coincident with the appearance of a 9S trimer peak.
To determine that the 9S species was not the result of aggregation with other nonradioactive macromolecules in the translation mixture, an assembly experiment was performed in which an in vitro synthesis reaction mixture was either incubated directly or first diluted with a translation reaction mixture that was treated identically except that it contained no proglycinin. After 3 hr at 37TC, the undiluted sample contained a significant fraction of 9S proglycinin (Fig. 5A ) while the diluted sample did not (Fig. SB) . However, complete assembly of the monomers in the diluted sample had taken place by 30 hr of incubation (Fig. SB) . This experiment demonstrated that the 9S trimers resulted from self-assembly of proglycinin subunits.
Cross-Linking of 9S Proglycinin. To further demonstrate that the 9S complex was indeed trimers, cross-linking experiments were performed. A sucrose gradient was fractionated, and then those fractions that contained the 9S peak were pooled and treated with a cross-linking reagent. The crosslinked samples were analyzed on a NaDodSO4/polyacrylamide gel (Fig. 6 ), which resolved proglycinin monomers (Mr, 70,000), dimers (Mr, 120,000), and trimers (Mr, 180,000).
Assembly Assay. To test the usefulness of the system as an assay for assembly, modified forms of pSP65/248 were constructed to see if assembly could be disrupted. In one of these constructions (pSP65/248sig), the signal coding region was restored (Fig. 7A ). Plasmid pSP65/248sig was constructed by replacing the Sma I/Mlu I fragment in pSP65/248 ( Fig.  2) with the Dde I (filled in with the Klenow DNA polymerase) to Mlu I fragment from pG248 (Fig. 1 ). The Dde I site was located 11 base pairs upstream from the natural start codon in pG248, and the Sma I site was just downstream from the SP6 promoter in pSP65/248. This construction eliminated the 5' poly(G) residues found in pG248 and put the natural translation initiation site for Gy4 immediately downstream from the SP6 promoter. Protein derived from pSP65/248sig was slightly larger than that from pSP65/248 ( Fig. 7B ). Under conditions that Gy4 proglycinin produced from pSP65/248 assembled into trimers, no assembly was observed for Gy4 preproglycinin produced from pSP65/248sig (Fig. 8) .
In another construction (pMG4XA), an 81-base-pair sequence that encoded a highly conserved 27 amino acid region in the basic polypeptide was deleted. The plasmid was produced by restricting pSP65/248 with Xho I and Asp718, filling in with the Klenow DNA polymerase, and recircularizing the plasmid with T4 ligase (Fig. 7A) . The mutant Gy4 proglycinin produced from this plasmid migrated more rapidly in NaDodSO4/polyacrylamide gels than authentic [3H]Proglycinin derived from pSP65/248 was incubated directly (A), oraftera 1:3 dilution with translation mixture containing no proglycinin (B), for the indicated times before analysis by sucrose density-gradient centrifugation. Sedimentation standards are given. proglycinin (Fig. 7B) and did not self-assemble (data not shown).
Construction and Assembly of Gy4/Gy5 Hybrids. To determine whether alterations would be tolerated in the glycinin subunits, we synthesized hybrid Gy4/GyS precursors and tested them for assembly. The construction of the hybrids was facilitated by the presence of restriction sites that were conserved between Gy4 and Gyd cDNAs (Fig. 1 ). Plasmid pSP65/466, which encodes a Gy/subunit, was generated with the conserved Mlu I site found at the 5' end of their coding regions (Fig. 7A ). Protein synthesized from pSP65/ 466 was authentic Gy5 proglycinin except for three conservative amino acid substitutions at the NH2 terminus: a me- thionine for isoleucine at position 1, a serine for threonine at position 2, and a phenylalanine for leucine at position 6. Plasmids pHG45H and pHG54H were constructed by using a conserved HindIII site to trade the basic coding sequences of the Gy4 and GyS cDNAs (Fig. 7A) . Plasmids pMG4NH5 and pMG5NH4 were constructed by using the Nco I and HindIII sites to trade sequences coding for a naturally occurring hypervariable region (24) in glycinin subunits (Fig.  7A ). Each of the described proglycinin hybrids was found to be capable of self-assembly. A typical result is shown in Fig.  8 . Both monomers and trimers were evident in the sucrose gradients. Differences were observed in the rates of assembly of the various subunits; however, it remains to be determined whether those differences reflect differences in affinities of association among the mutant subunits or differences in concentration. 
DISCUSSION
In this report, a system has been described that enables the assembly of proglycinin synthesized in vitro to be studied. The main advantages of the system are its speed and the ability to use recombinant DNA techniques to probe for regions of proglycinin important for self-assembly of trimers. It remains to be shown, however, that the in vitro assembly described here accurately reflects the in vivo process. A similar test may be possible in vivo with transformed tobacco plants; however, such experiments would consume considerably more time. In addition, the tobacco seed itself has equivalent legumin-like proteins that would complicate interpretations.
It has been speculated that each of the five subunits are structurally equivalent and associate at random to form the mature glycinin complex (6) . Mature glycinin hexamers isolated from seeds are a mixture of at least five different subunits, and the proteins in these complexes must be denatured to purify individual components (25) . The assay described in this report provides a means to study the assembly of individual subunits. We have found that Gy4 and Gy5 proglycinin subunits are capable of self-assembly.
It is interesting that proglycinin trimers and not hexamers are formed in vitro. This result is consistent with the finding that legumin precursors occur in 4S and 8S forms in the endoplasmic reticulum and not as a 12S form like that isolated from protein bodies (4) . Proteolytic cleavage of proglycinin may be required before further assembly can occur. Alternatively, hexamers may not have formed under the in vitro conditions used for these experiments because the trimer concentrations were too low.
By replacing the signal coding sequence in the Gy4 cDNA, we found that preproglycinin did not self-assemble. It is likely that folding of the protein produced by this construct was disrupted by the presence of the hydrophobic signal peptide, since most of the protein remained at the top of the gradient (Fig. 8) . The results for Gyl preproglycinin produced from an equivalent cDNA clone were similar (unpublished observations). We also found that assembly could be inhibited by deleting 27 amino acids in the basic part of the Gy4 subunit. This result was expected because the deletion included sequences conserved not only among legumin-like proteins of other plants, but also (on the basis of secondary structure predictions) among the vicilin-like proteins (24) . These conserved sequences are hydrophobic and have p-sheet confor-Proc. Natl. Acad. Sci. OSA 84 (1987) T8 Proc. Natl. Acad. Sci. USA 84 (1987) 5529 mational preferences. They can be expected to be located in the core structure of the subunits and to play an important role in the structure of the subunits.
The finding that Gy4/Gy5 chimeric subunits assemble is significant because it demonstrates that certain modifications may be tolerated in glycinin subunits. Also, the ability to exchange basic and hypervariable sequences without interfering with assembly suggests that, at least between these regions, compensative amino acid substitutions have not been a major factor in the divergence of the two proteins. The homology between Gy4 and Gy5 at the protein level is 79% (unpublished observations). Homology between the hypervariable regions of Gy4 and GyS is only 46%, and the Gy4 hypervariable region is 31 amino acid residues larger than that of Gy5. The results lend support to an earlier suggestion (24) that modifications in the hypervariable region may be tolerated with minimal detrimental effect upon the structure of the protein.
The in vitro assembly assay described in this report will be helpful in efforts to improve soybean seed quality. It can be used as a preliminary screening mechanism with which to eliminate from further consideration changes in subunit structure that interfere with proper assembly. The same approach has been used in this laboratory to synthesize a subunit of 3-conglycinin, the other major soybean seed protein, and we have found that it also self-assembles in vitro (C.D.D. and N.C.N., unpublished results). Modifications in glycinin and 0-conglycinin that do not appear to alter the assembly process may then be introduced into plants and their effect determined in vivo.
